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Abstract: Climate change and human activity are two linked factors that alter the spatiotemporal distribution of the
available water. Assessing the relative contribution of the two factors on runoff changes can help the planners and
managers to better formulate strategies and policies regarding regional water resources. In this work, using two typical
sub-basins of the Yellow River as the study area, we first detected the trend and the breakpoint in the annual streamflow
data with the Pettitt test during the period 1964-2011. Next, a Budyko-based climate elasticity model and a monthly
hydrological model were employed as an integrated method to distinguish the relative contributions of climate change
and human activities to the long-term changes in runoff. The results showed that a significant decline in the annual runoff
occurred in the two sub-basins during the study period, and the abrupt change point in the annual runoff at the two sub-
basins both occurred in 1997. The conceptual hydrological model performed well in reproducing monthly runoff time
series at the two sub-basins. The Nash-Sutcliffe efficiency (NSE) between observed and simulated runoff during the
validation period exceeds 0.83 for the two sub-basins. Climate elasticity method and hydrological model give consistent
attribution results: human activities are the major drivers responsible for the decreased annual runoff in the Ten Great
Gullies Basin. The relative contributions of climate change and human activities to the changes in the annual runoff were

22-32% and 68—78%, respectively.

Keywords: Climate variability; Human activity; Quantitative method; Streamflow change; Ten Great Gullies Basin.

1 INTRODUCTION

Freshwater is a scarce resource in many regions of the
world, and it is essential for many aspects of the environment,
economy, and society (Campbell et al., 2011). Changes in water
resources have an important impact on the sustainable devel-
opment of human society, including infrastructure construction,
economic growth, drought protection, flood control, energy
consumption, and food security. Climate variability and human
activities are considered as the two main factors responsible for
changes in water availability (Bao et al., 2012). Climate change
directly alters the meteorological variables that affect the spati-
otemporal variations in water availability, such as precipitation,
temperature, and wind speed. Human activities can also affect
terrestrial hydrological processes through changing land-use
such as soil and water conservation, urban construction, and
deforestation (Brown et al., 2005; Ma et al., 2010; Nagy et al.,
2012). Hence, understanding the relative contributions of cli-
mate change and human activities to runoff changes is increas-
ingly important for the management of water resources (Lak-
shmi et al., 2011).

A general approach to separate the relative contributions of
climate change and human to runoff changes is to divide the
runoff time series into two periods: the “baseline or natural
period” and the “impacted period”, based on abrupt change
tests (Obeysekera et al., 2011; Pekarova et al., 2006). In the
“baseline period”, change in runoff is mainly attributed to
climate change, and the influence of human activities is negli-
gible. In the “impacted period”, change in runoff is consid-
ered as the result of the combined effects of climate change

and human activities. Using the model parameters calibrated
from the “baseline period” and forcing data during the “im-
pacted period”, the assessment models can simulate the natu-
ral runoff time series that only reflects the influences of
climate change. The difference between the modeled and
observed runoff during the “impacted period” can be attribut-
ed to the factors other than climate change, that is, human
interferences (Wang and Hejazi, 2011; Zhao et al., 2015). The
commonly used assessment models include the process-based
hydrologic models and statistics-based methods (Huang et al.,
2016; Zhang et al., 2014). For examples, Liang et al. (2013)
employed the simple lumped conceptual daily rainfall-runoff
(SIMHYD) model to evaluate the impacts of changes in planta-
tions and climate variability on annual runoff in the Kuye Riv-
er. Zhang et al. (2012) used the soil and water assessment tool
(SWAT) to estimate runoff changes under the impacts of cli-
mate change and human activities in the Huifa River Basin. Xu
et al. (2013) quantified the cause of the annual runoff change in
the Luan River Basin by using the geomorphology-based hy-
drological model (GBHM). Despite hydrological models are
powerful tools for attribution analysis regarding runoff changes,
some uncertainties inevitably exist in hydrological models.
Statistical methods can be served as a supplement to hydrologi-
cal models to detect runoff responses to various disturbances,
especially in regions where long-term historical hydrometeor-
ology data are available (Roudier et al., 2014; Zhang et al.,
2012). Among the various statistical methods, the Budyko-
based climate elasticity method has been widely used around
the worldwide (Mwangi et al., 2016; Roderick and Farquhar,
2011; Ye et al., 2013). This method is a simple but effective
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tool to attribute runoff changes at mean annual time scales (Liu
et al., 2009; Ma et al., 2010; Roderick and Farquhar, 2011;
Schaake and Waggoner, 1990; Wang et al., 2013).

The Ten Great Gullies is a subbasin of the upper reach of the
Yellow River and located in the northern Ordos Plateau, Inner
Mongolia, China. This area is one of the areas with the most
serious soil erosion in the Yellow River basin. Historically, the
high-sand floods during the rainy season often block the Yel-
low River, causing dikes to burst and flooding the Hetao plain.
To alleviate soil erosion, a series of ecological restoration
measures have been implemented in this region since 1950s
(She et al., 2014). Particularly for the “Grain-for-Green Pro-
ject”, which was implemented as a large reforestation campaign
in 1999 in order to return cultivated lands with slopes greater
than 15° to forests and grasslands (Zhang et al., 2012). In addi-
tion to intense human activities, the climate in this region has
become warmer and drier over the past several decades. Under
the combined effect of climate change and human activities, the
annual runoff of many river basins in the middle reaches of the
Yellow River has shown a decreasing trend (Chang et al.,
2015). Previous studies have reported a reduction in annual
runoff in this region (Li et al., 2019; Ran et al., 2015), but the
dominant factor responsible for the reduced runoff in this basin
remains unclear. In addition, previous studies generally used a
single method to distinguish the effects of climate change and
human activities on runoff changes, lacking of mutual verifica-
tion between different methods for assessment results (Gao et
al., 2016; Ye et al., 2013; Zhang et al., 2016; Zuo et al., 2014).

In the present study, we employed an integrated approach
consisting of Budyko-based climate elasticity method and a
monthly hydrologic model to quantify the relative contributions
of climate change and human activities to runoff reduction in
the study area. The main objectives of the present study were:
(1) to detect the statistical trend and abrupt change in annual
runoff time series; (2) to quantify the relative contributions of
climate variability and human activities to runoff reduction, and
(3) to analyze the specific water conservation measure that
significantly reduces annual runoff. This work highlights that

the negative effect of soil and water conservation measures on
water yield in water-limited regions.

2 STUDY AREA AND DATA
2.1 Study area

The Ten Great Gullies is a typical region in the desert region
of the eastern Ordos Plateau and the rivers in this area flow
through the Hobq Desert and across the lower alluvial plain
before finally entering the Yellow River. The drainage area is
approximately 11,000 km? and it includes (from west to east)
the Maobula, Buersetaigou, Heilaigou, Xiliugou, Hantaichuan,
Haoqinghe, Hashilachuan, Muhaerhe, Dongliugou, and Husi-
taihe tributaries. The study area has a population of 158,000.
The landform has band-shaped distribution features and can be
divided into three types: a hilly and gully area, desert area, and
alluvial plain area. Chestnut and sandy soil is widely distributed
in different regions as the dominant soil type. The region has a
temperate continental monsoon climate with potential evapo-
transpiration (ETo) of 2800 mm, and the mean annual tempera-
ture is 6.1°C. The mean annual precipitation ranges from 300 to
400 mm, and the rainy season is concentrated between July to
September. Strong winds and sandstorms occur often in the
winter and spring, with frequencies of 25.2 and 19.7 days per
year, respectively (YRIHR, 2009). Large amounts of eolian
sediment can be deposited and stored temporarily in the river
channel during windy seasons, which may be transported
downstream by floods propagating into the Yellow River dur-
ing the following rainy season.

Due to the special geographical location and natural envi-
ronment, this region has become the main source of the sedi-
ment delivered to the Inner Mongolian Reach, which common-
ly accumulates in the confluence and blocks the flow of the
river, thereby causing the collapse of dikes, severe channel
deposition, and riverbed elevation (Feng and Zhang, 2008;
Zhao et al., 2001). The study area has two hydrometric stations
at Longtouguai and Xiangshawan, which are located in the
Xiliugou and Hantaichuan gullies, respectively (Figure 1).
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Fig. 1. Map of the study area.
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2.2 Data

Monthly natural streamflow data from two hydrological sta-
tions were extracted from the Hydrological Bulletin of the
Yellow River Basin, which is issued annually by the Yellow
River Conservancy Commission. Natural streamflow data refer
to the sum of discharge observations recorded from stream
gauge stations and the amount of water used by human beings.
Daily precipitation records from nine precipitation stations and
two weather stations were used in this study (Figure 1), cover-
ing the period 1964-2011. Precipitation data from nine rainfall
gauges in the region were also provided by the Erdos Hydrolog-
ical Bureau of Inner Mongolia. Wind speed, temperature, actual
vapor pressure, and sunshine duration data were obtained from
the National Climate Center of the China Meteorological Ad-
ministration (CMA). These data were used to calculate ETo
using the FAO Penman—Monteith method described in FAO-56
(Allen et al., 1998). The average of the meteorological data
from the two weather stations was applied to the two sub-
basins. Land use/cover maps of the watershed in 1990 and 2010
were interpreted from Landsat TM images at a spatial resolution
of 30 m. The data sets were downloaded from the Data Sharing
Infrastructure of Earth System Science of the Chinese Academy of
Sciences (http://www.geodata.cn/Portal/dataCatalog/dataL ist.jsp),
and image processing was performed using ERDAS Imagine
9.2 (ERDAS, Inc., Norcross, Georgia) in order to classify the
land cover into seven categories by supervised classification
and artificial visual interpretation. The land use types in 2010
were tested and verified based on 48 actual ground control
points captured with GPS equipment for all land use types. The
overall accuracy of land classification was approximately 84%
and the kappa statistic was 0.77, which indicated that the land
use/cover data interpreted from the images were suitable for use
in this study (Ma et al., 2009).

3 METHODOLOGY
3.1 The change point detection

The Pettitt test (Pettitt, 1979) is used to test one unknown
change point by considering a sequence of random variables,

ie, X;, X,...X,, that has a change point at ¢ (X, , where
t=1,2, ..., 1, has a common distribution function Fj(x); X,
where t = 7 + 1, ..., T, has a common distribution function
F,(x); and F{(x) # F,(x)) (Pettitt, 1979). The null hypothesis
Hy (no change or 7=T) is tested against the alternative hy-
pothesis H, (change or 1<7<T ) using the non-parametric
statistic:

Ky= MaXIStST|Ut,T| (1

where the test used a version of the Mann-Whitney statistic U, ;

T
Ur=U_r +zSgn(Xt -X;)

t=2,3, ... ,T )
i=1
and
1 X,-X,>0
sgn(X,—-X,;)<0 X,-X,=0 3)
-1 X,-X,<0

The associated probability, P, used in the test is given as
follows:

—-6K2
P=2exp| ——2_ 4
p{N3+NZJ @

If P < 0.05, a significant change point exists, and the time
series is divided into two parts at the location of the change
point.

3.2 Climate elasticity method

The Budyko-based climate elasticity method is an effec-
tive tool for separating the impacts of climate change and hu-
man activities on runoff change. According to the Budyko
hypothesis, this approach describes the annual water balance
primarily as a function of water availability (precipitation) and
energy availability (potential evapotranspiration) (Budyko,
1974). For a given catchment, the total variation in the observed
mean annual runoff ( AQ ) before (natural period) and after
(impacted period) the change point could be caused by a com-

bination of climate variability (AQ_C) and human activities

(AE) (Li et al., 2007) as follows.

AQ =AQ, +AQ. Q)

The long-term water balance in a given basin is primarily
controlled by the water availability (precipitation) and energy
availability (ETo) (Dooge et al., 1999). Assuming that the water
storage on the mean annual scale is zero, the influence of cli-
mate variability on the mean annual runoff can be estimated
using the following formula (Dooge et al., 1999; Milly and
Dunne, 2002):

— = — AP AE,
AQe =AQp +AQ = (gP?+ €k, E_O)Q ©
0

where AQ_C , AQ_P , and AQ_EO denote the changes in the natu-
ral streamflow, precipitation, and ETo, respectively, and AP
and AE|, represent the variation in the annual precipitation and
ETo before and after the change point. The coefficients of the
sensitivities of the streamflow to precipitation (£€,) and ETo

(€, ) can be determined as follows:

PE9) ((12 , Ep+eg =1 (7)

where ¢ is a function of the average aridity index, which can
be calculated as the ratio of the mean annual ETy relative to the
mean annual precipitation (ETo/P), F(¢) is a function used to

partition the mean annual P into runoff and actual evapotranspi-
ration (ET), and F'(¢) is the derived function of F(¢) . Vari-

ous mathematical equations have been developed for F(¢)

based on the Budyko hypothesis, and a detailed review of these
equations was provided by Zhang et al. (2001). In the present
study, the following expressions are used:

{F((p):(l+a}¢))/(l+w(p+l/¢)

-2 —1 2 ®)
F'(o)=(¢p~ +20¢0" +0-1)/(1+wp+1/¢)

where @ is a plant-available water coefficient that reflects the
transpiration process for soil water in arid and humid regions
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(Zhang et al., 2001). Assuming that the changes in water stor-
age can be ignored at the annual scale, the parameter @ is
calibrated by minimizing the absolute error between the water
balance-based (precipitation minus runoff) and simulated ET at
the annual scale.

3.3 The conceputal hydrological model

Physically-based models have long been considered as the
gold standard for runoff simulations as they account for the
spatial heterogeneity of climatic and landscape factors. Howev-
er, for most studies on the impact of climate change and human
activities on runoff changes, they tend to choose the conceptual
hydrological models due to the following three reasons. First,
physically-based models often require a variety of climate and
landscape data as inputs, and data preparation is time-
consuming and laborious. Second, physically-based models
usually contain a large number of parameters, and thus the
parameter calibration is time-consuming. By contrast, concep-
tual models generally require minimal inputs and parameters
and can provide similar or even better runoff simulations than
physically-based models (Bai et al., 2015; Li et al., 2011). Here,
a monthly conceptual model called the dynamic water balance
model (DWBM) was employed as an alternative approach to
separate the relative contributions of climate change and human
activities to the runoff changes. This model has been used
widely for simulating and predicting monthly runoff under
different climate conditions globally (Bai et al., 2015; Li et al.,
2011; Li et al., 2016; Zhang et al., 2017; Zhao et al., 2017). The
DWBM was developed by extending the Budyko framework,
or the concept of “limits and controls’’ (Wang et al., 2011).
This is a lumped conceptual model with two stores comprising
the soil root zone store and groundwater store (Figure 2). The
model structure of the DWBM has two advantages. First, the
evapotranspiration is estimated using a method similar to the
Budyko curve. Second, it is assumed that direct runoff and
groundwater exchange will also occur even if the soil is not
saturated. The precipitation in time step t can be divided into the
direct runoff and the sum of the other water balance components:

Pt)=0,(0)+X(®) )

where X (¢) is the catchment rainfall retention, which is the

amount of rainfall retained by the catchment for evapotranspira-
tion ET(¢) . The catchment rainfall retention X(¢) can be cal-

culated as:

_ Xo(0)
X(t)_P(t)F( 70 ,alj (10)

where F( ) is a partitioning function based on the Budyko con-
cept, ¢, is the retention efficiency, i.e., a larger value of ¢
will result in more rainfall retention and less direct runoff, and
X, (¢) is the potential evaporation.

The direct runoff is calculated based on Equations (9) and
(10) as follows.

Qu()=P1)-X() an

At sub-annual time scales, the water availability W (¢) can
be defined as:

W)= X(t)+S{t-1) (12)

Together with the definition of X (¢) , we obtain:
W()=ET(t)+S)+R() (13)

Equation (13) defines the source of water availability. Equa-
tion (14) determines the partitioning expressed as

W()=Y(t)+R() (14)

Then, Y(?) is the evapotranspiration opportunity and it can be
estimated as

Eg(t)+ S ’%j

Y(t)= W(t)F( o

(15)
where ¢, is a model parameter representing the actual evapo-
transpiration efficiency coefficient. ET(¢) can be affected by
the potential evapotranspiration E,(f) and the available water
W (t) . Similar to Budyko (1958), the evapotranspiration E7(¢)
can be calculated as:

_ Ey(1)
ET(t) = W(t)F[ o ,0{2j (16)

The soil water storage can now be calculated as follows.
S()=Y()-ET(t) (17)

Finally, the groundwater storage is treated as a linear reser-
voir, and thus the groundwater balance and baseflow can be
modeled as:

0,(1)=dG(t-1) (18)
G(t)=(1-d)G(t—1)+ R(t) (19)

where O, is the baseflow, G is the groundwater storage, and d

is a constant.
The version used in the present study has four sensitive pa-
rameters: retention efficiency (a1), evapotranspiration efficien-

cy (a2), soil water storage capacity (S, ), and a baseflow

linear recession constant (d) (see Figure 2).We calibrated the
model parameters using observed runoff during the natural
period in each basin. The calibrated model was then used to
simulate runoff in the impacted period (1998-2011) with the
same parameters as the natural period. The difference between
the simulated and observed annual runoff represents the im-
pacts of human activities in the impacted period.

The Nash—Sutcliffe efficiency (NSE) and the relative water
balance error percentage (WBE) were used to assess the perfor-
mance of the DWBM. The two criteria are defined as follows:

" _— . . 2
NSE=1- 21t o Q‘L’””) (20)

Z:lzl (Qabs,i - Qobs )2

21 Qi Qovs.i ]
z:;l Qobs,i

where Q. and O, ; denote the simulated and observed

WBE:IOO[ 1)

bsi TEpTESENts the arithme-

O\

streamflow at time i, respectively, Q.
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tic mean of the observed streamflow, and n is the number of

time steps.
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| op: evapotranspiration efficiency (-) [1,5] :
IS,W: water storage capacity (mm) [0, 500] |
|
|

Fig. 2. Structure and parameters for the dynamic water balance
model (DWBM).

4 RESULTS
4.1 Change in the annual runoff and climate factors

The abrupt changes of annual runoff detected by the Pettitt
test are shown in Figure 3 and Table 1. The abrupt change of
annual runoff in the two sub-basins both occurred in 1997 (P <
0.05), and thus the sub-periods before and after 1997 are identi-
fied as the “natural period” (period I: 1964—-1997) and “impact-
ed period” (period II: 1997-2011). The observed average annu-
al runoff in the Xiliugou basin was 27.4 mm/yr in the period I
and 18.3 mm/yr in the period II, respectively; the value of the
two periods in the Hantaichuan basin was 12.8 and 7.6 mm/yr,
respectively. Compared with period I, the average annual runoff

1997

1981 .
350 | : .

7 Xiliugou

300 4
250

200 ~

LA

o

Statistical K value

at the Xiliugou and Hantaichuan basins decreased by 9.1 and
5.2 mm/yr, respectively, and the relative changes between the
two periods are —33% and —40% (Figure 4a, b).

The average annual precipitation between the periods I and
II decreased by 18.9 mm (—6.4%) for the Xilougou basin and
for 27 mm (-9.6%) for the Hantaichuan basin. The annual
average temperature increased significantly (P < 0.05) during
the entire study period, with a temperature increase rate of
0.5°C/10a. The warming rate is the most significant in autumn
and winter. The annual ETo in the two basins was approximately
1226.2 mm/yr, and the mean annual ETo in the period II de-
creased by 16.6 mm/yr compared with the period I (Figure 4c—e).

4.2 Quantitative hydrological responses to climate
variability and human activities
4.2.1 Assessment using the climate elasticity method

The parameter @ is the only parameter in the climate elas-
ticity method, and its value has a large effect on assessment
results (Bai et al., 2020; Chen et al., 2012; Zhang et al., 2001).
Here we calibrated the parameter @ against the water balance-
based annual ET estimates (precipitation minus runoff) (Figure
5). The best agreement between the water balance-based and
simulated ET occurred when the parameter @ was equal to
0.70 for the Xilougou basin and 0.67 for the Hantaichuan basin.
We then obtained the climate elasticity coefficient of the annual
runoff with respect to the precipitation (¢r) and ETo (&g ) using

Eq. (11), and the results are listed in Table 2.

The results showed that a 10% increase in precipitation will
increase annual runoff by 12% for the Xilougou basin and
13.5% for the Hantaichuan basin; whereas a 10% increase in
ETo will decrease annual runoff for the two basins by 2.0 and
3.5%, respectively. According to Table 2, the change in precipi-
tation reduced annual runoff by 2.1 mm for the Xilougou basin
and 1.7 mm for the Hantaichun basin. Similarly, the change in
ETo caused the annual runoff of both basins to increase by 0.08
mm in the period II. Therefore, the impact of climate change

| Hantaichuan
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Year Year
Fig. 3. Pettitt test for the annual streamflow in the Xiliugou and Hantaichuan catchments.
Table 1. Results of the Pettitt test for streamflow series in two sub-catchments.
Station Variable K statistic P Sig level Shift T
Xiliugou streamflow 234 0.065 ns - 1981
g 282 0.014 * decrease 1997
Hantaichuan streamflow 35 0.747 ns - 1997

*Significant at P = 0.05. ** Significant at P = 0.01
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Table 2. Relative contribution of climate change and human activities on the change in annual runoff estimated from the climate elasticity

method.

Fig. 4. Variations of the annual streamflow in Xiliugou (a) and Hantaichuan (b). Variation of precipitation (c), potential evapotranspiration

Natural period (mm) Impacted period Runoff change (mm)  Proportional change in runoff
Catchment
P ETo Q P ETo Q ep €, AQc (%) AQu (%)
Xiliugou 293.1 12313 274 2742 12138 183 1.20 -0.20 22 78
Hantaichuan 283.0 1231.3 12.8 256.0 1213.8 7.6 1.35 -0.35 32 68
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Fig. 5. Correlations between the annual actual evapotranspiration (AET) calculated directly from the water balance equation and the AET
simulated by Zhang’s curve for the “natural period” in Xiliugou (a) and Hantaichuan (b).

has reduced the annual runoff at the Xiliugou and Hantaichuan
basins by 2.0 and 1.6 mm, respectively, accounting for 22% and
32% of the decrease in the annual runoff for the two basins. By
contrast, human activities were responsible for 78% and 68% of
the decreases. Thus, the annual runoff was more sensitive to the
change in precipitation than ETo, and the impact of human
activities was the primary driver of the decrease in the annual
runoff for the two basins.

4.2.2 Assessment using the hydrological model

Figure 6 shows the observed and simulated monthly runoff
values during the calibration and validation periods and the
difference in observed and natural streamflow simulated by
DWBM model. The NSE between the observed and simulated
runoff at Xiliugou station was 0.84 in the calibration period and
0.85 in the validation period, and the values for Hantaichuan
station were 0.80 and 0.83, respectively (Table 3). The WBE
values in the validation period were less than 10% at the two
stations. These results indicate that the model performed well in
simulating the monthly runoff at the two catchments. The dif-
ference between the simulated and observed annual runoff after
the change point (i.e., period II) was considered to be attributa-
ble to human activities. In the Xiliugou catchment, the simulat-
ed annual runoff in periods I and II was 23.9 mm and 22.0 mm,
respectively, with a decrease of 1.9 mm. In the Hantaichuan
catchment, the simulated annual runoff during periods I and II
was 14.3 mm and 12.7 mm, respectively, with a decrease of 1.6
mm. Therefore, climate variability accounted for 21% and 31%
of the reduction in runoff at Xiliugou and Hantaichuan basins,
respectively (see Table 2), whereas human activities contribut-
ed 79% and 69% of runoff reduction for the two basins.

5 DISCUSSION
5.1 Uncertainty sources of assessment results

Despite the two models differ greatly in the attribution prin-
ciple of runoff change, they showed consistent results on the
dominant factor of runoff reduction, thereby indicating that the
assessment results were reliable. However, some uncertainties
inevitably exist in assessment results. First, the prerequisite of
the assessment is that the contributions of climatic and anthro-
pogenic factors are independent of each other. However, the
two factors actually interact with each other. Human activities,

such as carbon emissions from fossil fuels and land use chang-
es, have a profound impact on the global climate system. In
turn, climate change will affect human social behavior and
lifestyle. Therefore, it is difficult to completely isolate the ef-
fect of one factor on runoff change from another. Second, the
length of runoff data used to calibrate the hydrological models
may not sufficient to obtain robust parameter estimations. Con-
ceptual hydrological models would suffer from performance
degradation when climate conditions between calibration and
validation periods are significantly different. Therefore, several
studies have suggested that runoff data used for model calibra-
tion should include different climatic periods (dry, mixed and
wet) to obtained reliable parameter estimates (Bai et al., 2015).
Third, the uncertainty may also arise from the model inputs
such as precipitation. Zeng et al. (2018) suggested that model-
ing results tend to stabilize when a drainage basin area is be-
tween 605 and 2,148 km?, and the number of rainfall stations is
at least 10 to 38. Thus, increasing the number of rainfall sta-
tions will increase the accuracy of the simulated flow obtained
by a model. Similarly, other studies showed that the density of
the rainfall stations may significantly influence the modeling
results and that increasing the number of rainfall stations can
significantly reduce the uncertainty of the model parameters
(Chu et al., 2012; Masih et al., 2011; Shope and Mabharjan,
2015). In the present study, only eight rainfall stations and two
meteorological stations are available, and the two meteorologi-
cal stations are located on the periphery of the study basin.
Thus, the meteorological inputs of the model cannot fully rep-
resent the meteorological conditions in the entire area. Fourth,
uncertainty may also stem from the climate elasticity method.
This method attributes the natural annual runoff changes com-
pletely to P and ETo, whereas other factors may play important
roles in regulating the changes in the annual runoff, such as
changes in groundwater storage, particularly in dry seasons.
Moreover, a part of the variability the model is not explaining
may be coming from the misfit to the Budyko-based functional
form that is used to partition the mean annual P into evapora-
tion and runoff. Also, the DWBM overestimated the low flow
during the natural period in the Huntaichuan basin, and this
overestimation probably be propagated to the impact period,
thereby exaggerating the effects of human activities on runoff
reduction. Nevertheless, the two independent attribution meth-
ods consistently indicated that human activities were the prima-
ry cause of annual runoff decreases.
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Table 3. Performance of the DWBM for monthly runoff simulations in the Xiliugou and Hantaichuan catchments.

Catchment Period Year NSE WBE
. Calibration period 1964-1981 0.84 —6.4
Xiliugou L .
Validation period 1981-1997 0.8 -8.3
Hantaichuan Calibration period 1984-1992 0.85 4.9
Validation period 1992-1997 0.83 1.8
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Fig. 6. Observed and simulated monthly streamflow in the calibration and validation periods of the two catchments (a). Observed and

simulated annual streamflow in the “natural period” and “impacted period” of the two catchments (b). Monthly average observed and simu-
lated streamflow in the two catchments (c).
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Table 4. Land use change from 1990-2010 in the Xiliugou and Hantaichuan catchments.

Land use types 1990 2010
Area (km?) Percentage (%) Area (km?) Percentage (%)

Cultivated land 357.9 15 % 296.8 12 %
Forest 299.7 12 % 424.8 17 %
Grass land 854.5 35% 1045.1 43 %
Sand 420.7 17 % 305.6 12 %
Water 134.3 5% 120.4 5%
Resident land 60.7 3% 60.3 3%
Bare land 330.5 13 % 205.3 8 %

5.2 Human activities

Previous studies have shown that anthropogenic activities
were the major causes of the streamflow reductions in the mid-
dle Yellow River region during recent decades. For example,
Zhou et al. (2013) indicated that human activities accounted for
70% of the runoff reductions in the Wuding River basin, which
is one of the large tributaries in the middle of the Yellow River
region. In addition, Wang et al. (2012) found that anthropogen-
ic impacts contributed 70% to the streamflow decreases in the
Huangfuchuan River basin in the northern part of the middle
Yellow River region. Our results also suggested that human
activities were the dominant factors responsible for runoff
change in the two subbasins. Among a variety of human activi-
ties, the land use/cover changes caused by soil conservation
measures were regarded as the main factors that led to the run-
off reduction in the middle reaches of the Yellow River (Li et
al., 2007; Zhao et al., 2015). Table 4 shows the land use chang-
es before and after the “Grain-for-Green Project” being imple-
mented”. It can be seen that the bare land and sandy areas have
reduced by 125.1 and 115.1 km?, respectively, from 1990 to
2010, and the reduction in bare and sandy areas were primarily
transformed into forests and grassland. The forest area in-
creased by 125.0 km? and the grassland area increased by 190.6
km? from 1990 to 2010. In total 315.6 km? of land was trans-
formed into woodland or grassland, which accounted for 13%
of the basin area. This project has significantly increased the
vegetation coverage and improved the environmental degrada-
tion in the two river basins.

Increased vegetation coverage can lead to larger root water
uptake and rainfall interception and then release by evapotran-
spiration, thereby decreasing the amount of water in the river
channels (Zhang et al., 2012). The normalized difference vege-
tation index (NDVI) is an important indicator to represent the
vegetation coverage conditions. Between 1981 and 2011, the
NDVI values in Xiliugou and Hantaichuan basins increased by
0.23 (from 0.25 to 0.45) and 0.15 (from 0.25 to 0.4), respective-
ly (Guan et al., 2016). The change in NDVI provides another
independent data source to indicate the increased vegetation
coverage in the study areas.

Among the various control measures employed, check dams
are the main factors responsible for discharge and sediment
reductions in the watershed. Between the 1970s and 1990s,
there were only two medium-sized check dams in the two ba-
sins. However, more than 50 check dams were built in this
region between 1997 and 2011 comprising 17 large, 29
medium, and 9 small dams. Due to the important effects of
impounding water and the capacity for intercepting sediment
transport, these engineering measures significantly affected the
high flows by reducing the overland flow and peak streamflow
(Xu et al., 2004). The soil and water conservation measures
implemented between 1970 and 1996 reduced the water and
sediment loads by approximately 0.14 to 0.53 x 103 m® and 5.4
to 23.6 Mt, respectively (Liang et al., 2015; Zhao et al., 2014).

6 CONCLUSIONS

In this study, we separated the relative contributions of cli-
mate variability and human activities to the reduction in annual
runoff in two subbasins of the middle reach of the Yellow Riv-
er. The average annual runoff decreased significantly in the two
subbasins and abrupt changes in the streamflow occurred dur-
ing 1997. The average annual runoff in the Xiliugou and Han-
taichuan basins decreased by 33% and 41%, respectively, from
the period I to the period II. Two independent assessment meth-
ods consistently showed that the human activities are the prima-
ry drivers for the runoff reduction in the study area. Climate
change was responsible for 22-32% of the streamflow reduc-
tion in the Ten Great Gullies Basin, whereas human activities
were responsible for 68—-78%. Among the various human ac-
tivities, soil conservation measures such as returning cultivated
land to forest or grassland and the construction of check dams
had the most significant effects on streamflow reductions.
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